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Abstract
We have identified Xenopus Id4, a member of the Id (inhibitor of differentiation/DNA binding) class of helix–loop–helix proteins. Id factors
dimerize with general bHLH factors, preventing their interaction with tissue-specific bHLH factors, to inhibit premature differentiation. The
presence of several Id proteins could reflect simple redundancy in function, or more interestingly, might suggest different activities for these
proteins. During embryonic development, Xenopus Id4 is expressed in a number of neural tissues, including Rohon–Beard neurons, olfactory
placode, eye primordia, and the trigeminal ganglia. It is also expressed in other organs, such as the pronephros and liver primordium. As
embryogenesis progresses, it is expressed in the migrating melanocytes and lateral line structures. We compare the expression of Id4 mRNA with
that of Id2 and Id3 and find that the Id genes are expressed in complementary patterns during neurogenesis, myogenesis, kidney development, in
the tailbud, and in the migrating neural crest. To examine the regulation of Id gene expression during Xenopus neural development, we show that
expression of Id3 and Id4 can be induced by overexpression of BMP4 in the whole embryo and in ectodermal explants. Expression of Id2, Id3,
and Id4 in these explants is unaffected by the expression of FGF-8 or a dominant-negative Ras (N17ras), suggesting that Id genes are not regulated
by the FGF signaling pathway in naive ectoderm. We also show that Notch signaling can activate Id2 and Id3 expression in the whole embryo.
In contrast, Id4 expression in the Rohon–Beard cells is inhibited by activated Notch and increased by a dominant-negative Delta. This may reflect
an increase in Rohon–Beard cells in response to inhibition of Notch signaling rather than transcriptional regulation of Id4. Finally, to compare the
activities of Id2, Id3, and Id4, we use animal cap explants and in vivo overexpression to show that Id proteins can differentially inhibit the activities
of neurogenin and neuroD, both neurogenic bHLH molecules and MyoD, a myogenic bHLH protein. Id4 is able to inhibit the activity all these
bHLH molecules, Id2 inhibits MyoD and neuroD, while Id3 blocks only neuroD activity in our assays.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Basic helix–loop–helix (bHLH) molecules are transcrip-
tion factors which play key roles in the tissue-specific reg-
ulation of developmental programs. In vertebrates, bHLH
factors have been shown to be required for proper neuro-
genesis, myogenesis, hematopoiesis, and other processes. In
addition to the temporal and spatial regulation of bHLH
expression, the activities of these factors are also carefully
regulated (reviewed in Massari and Murre, 2000). One of
the mechanisms by which the activity of these factors is
regulated is by modification of their DNA binding ability,
directed in part by Id (inhibitor of differentiation/DNA
binding) genes (reviewed in Yokota, 2001).
Originally identified as a family of dominant inhibitors
of basic helix–loop–helix activity, Id proteins resemble
bHLH transcription factors but lack the basic DNA binding
domain (Benezra et al., 1990; Ellis et al., 1990; Garrell and
Modolell, 1990). They are thought to act by binding to and
sequestering general bHLH proteins, also called E proteins.
This prevents the heterodimerization of the ubiquitously
expressed E proteins with tissue-specific bHLH proteins,
such as the neurogenic genes neurogenin and neuroD. Of
the four known vertebrate Id proteins (Id1–Id4), Id1, Id2,
and Id3 have been shown to have similar affinities for the E
proteins but display dramatically distinct expression pat-
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terns (Langlands et al., 1997). Thus, the orchestration of Id
expression and activity with that of the tissue-specific
bHLH molecules is essential for the proper control of pro-
liferation and timing of differentiation. Release of inhibition
by Id proteins at the appropriate times would then allow the
cells to progress and enter a program of differentiation.
Because we are interested in neural development, we
identified Xenopus Id4 and compared its expression, regu-
lation, and activity with that of Id2 and Id3, previously cloned
by others (Wilson and Mohun, 1995; Zhang et al., 1995).
Xenopus Id3 was initially identified as Id3 and Xidx by these
two different groups. Xenopus Id1 has not yet been identified.
In mouse, Id4 is the only Id family member which is expressed
almost exclusively during neurogenesis (Jen et al., 1996; Riec-
hmann and Sablitzky, 1995; Riechmann et al., 1994). All three
of the known Xenopus Id molecules are expressed in the
Fig. 1. X. laevis ld4 protein sequence (GenBank Accession no. AAP34250) and comparison with Id4 family members. Sequences used: human #P47928,
mouse #P41139 and chick Id4 #AY040529 and chick Id4a #AY040530. (A) Amino acids identical to the consensus are darkly shaded and boxed and
similarities are lightly shaded and boxed. The helix–loop–helix domain is underlined in black. (B) Dendrogram showing phylogenetic relationships between
known Id4 proteins. Sequences were first aligned in ClustalX and tree was constructed using PAUP* (Sinauer Associates) with Xenopus Id4 as the rooted
outgroup.
Fig. 2. mRNA expression of X. laevis Id2 (A, B, C) and Id3 (D, E, F). In all cases, anterior is to the left. (A, B, D, E) are dorsal views, (C and F) are lateral
views. (A) Stage 15 embryo stained with Id2. Bilateral stripes at midline marked by black asterisk. Expression in the lateral plate mesoderm (red arrowheads)
extends ventrally away from the viewer. (B) Stripe in the rhombencephalon (blue arrowhead) and population of cells that could be migrating crest (blue
arrow). Staining in the lateral plate mesoderm has coalesced (red arrowheads). (C) Id2 is expressed in the eyes, branchial arches, brain structures, kidneys
(red arrowhead), segmented myotome (m), and anterior blood islands (b). (D) Expression of Id3 at stage 11 is throughout the ectoderm but not in the
blastopore (at right). (E) Stage 18 embryo stained with Id3. Expression is strong in the anterior neural plate, extending posteriorly to a stripe in the hindbrain
(open red arrowhead) and a smaller stripe posterior (closed red arrowhead). Expression extends posteriorly throughout the neural plate. (F) Id3 is expressed
in the most dorsal and ventral portions of the myotome (m).
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Xenopus neural plate and respond to signaling pathways which
play a role in neural development. We also examined the
ability of these genes to modulate the activities of several
neurogenic and myogenic bHLH factors.
Several signaling pathways which play key roles in the
patterning of the Xenopus neural plate are bone morphoge-
netic protein (BMP) signaling, Ras signaling, and Notch
signaling. In Xenopus, initial induction of the neural plate
from the ectoderm results from the secretion of BMP an-
tagonists from the organizer. These antagonists, such as
noggin, chordin, follistatin, and others, induce neural tissue
at the expense of ectoderm by binding to BMPs and pre-
venting interaction with their receptors. Later in develop-
ment, BMP signaling is required for the proper dorsal–
ventral patterning of the neural tube. Studies in other
systems have implicated BMP signaling in the regulation of
Id gene transcription, perhaps by directing binding of
Smads to Id promoters (Hollnagel et al., 1999; Lopez-
Rovira et al., 2002). We wanted to know whether BMP
signaling might play a role in the early expression of Id
genes during Xenopus neural induction and patterning.
Ras signaling, particularly that induced by FGFs, has
also been implicated in the early patterning of the Xenopus
embryo. A number of groups have shown that FGF/Ras acti-
vation is required for the proper induction of posterior struc-
tures in the neural plate (Holowacz and Sokol, 1999; Ribisi et
al., 2000). Recent studies have also suggested that FGFs may
be direct neural inducers, although it is unclear whether this
induction is via Ras (Hardcastle et al., 2000). Id3 mRNA has
been shown to be induced by FGF/Ras signaling in prolifer-
ating skeletal muscle cells and downregulated in differentiated
muscle cells (Chen et al., 1997). Id3 expression has also been
shown to be induced upon T-cell receptor (TCR) activation,
which acts through a Ras-ERK MAPK cascade, similar to
activation by the FGF receptor (Bain et al., 2001). We were
curious to see whether FGF signaling in the neural plate could
potentially regulate Id gene expression.
In addition to BMP and FGF regulation, Notch signaling
may be important in expression of Id genes. Extramacro-
chaetae (Emc), the Drosophila homologue of Id, interacts
genetically with components of the Notch pathway in the fly
eye (Baonza et al., 2000) and wing (Baonza and Freeman,
2001). Notch signaling appears to upregulate expression of
emc in the wing, while in the eye, Notch activity downregu-
Fig. 3. Id4 mRNA expression pattern in the early embryo. (A, C, E, G) Dorso-anterior views at stage 13, 15, 17, and 19. (B) Lateral view stage 13. (D, F)
Dorsal view stage 15 and 17. (H) Lateral view stage 19. (I, K) Lateral and dorsal views, stage 24. (J, L) Lateral view of head staining, stages 32 and 34.
(M) Lateral view stage 37. Embryos show staining in the anterior region of the embryo corresponding to the cement gland (yellow arrowhead). By stage 19,
expression is also obvious bilaterally in the olfactory placode (black arrow), eye primordia (blue arrowhead), and in the trigeminal ganglia (red arrow). Dorsal
and lateral views show expression in the Rohon–Beard neurons (black arrowhead). In later stages, Id4 is expressed in the liver (marked with a yellow L),
branchial arches (black b), kidney (red arrowhead marks tubules in J, L, and M, red arrow marks duct in M), and in migrating melanophores (small red
arrowheads in M).
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lates emc expression. Expression patterns of several Id
genes show that some of these genes are in the Notch/Delta
synexpression group (Sawai and Campos-Ortega, 1997). In
addition, Reynaud-Deonauth et al. (2002) have identified a
Notch-responsive enhancer located upstream of the Xeno-
pus Id3 transcriptional start site.
Here, we have examined the early regulation of Id gene
expression by BMP, FGF, and Notch signaling. In whole
embryos and ectodermal explants, Id2, Id3, and Id4 all
respond to activated BMP signaling. All three Id genes
tested also respond to antagonism of BMP signaling by the
secreted molecule noggin, suggesting an endogenous role
for BMP maintenance of Id gene expression. Ras activation
by FGF or inhibition of Ras using a dominant inhibitory Ras
(N17Ras) had no effect on the expression of the Id genes
studied. In contrast, Notch signaling upregulates Id3 and
downregulates Id4.
Finally, because endogenous Id proteins must be able to
prevent the action of the neurogenic bHLHs, either by seques-
tering E proteins or the tissue-specific transcription factors
themselves, we have compared the ability of Id2, Id3, and Id4
to block the activities of two neurogenic proteins, neurogenin
and neuroD. We have also examined the ability of the Xenopus
Id proteins to block the activity of the myogenic gene MyoD.
All three of these tissue-specific bHLH molecules het-
erodimerize with the E-box proteins, such as E12 and E47.
However, studies of Caenorhabditis elegans MyoD suggest
that MyoD may also act as a homodimer (Zhang et al., 1999).
Mouse Id1 and Id2 both interact strongly with MyoD so it is
also conceivable that the Id proteins may bind directly with the
myogenic and neurogenic bHLHs and thus regulate bHLH
activity during development.
Materials and methods
Embryo culture
Xenopus embryos were generated and cultured by stan-
dard methods (Sive et al., 2000) and staged according to
Nieuwkoop and Faber (1994).
Cloning
Id2 (cs107 Id2-sal) was constructed by excising the Xid2
SalI insert from pVZ1-Xid2 (Zhang et al., 1995) and cloning
into cs107. This clone contains the coding region as well as the
3UTR of Id2. Id3 (cs107 Id3-codL) was constructed by ex-
cising the insert from pVZI-Xid3 (CodL) (Afouda et al., 1999)
(also called Xid-1A) with EcoRI and cloning into cs107. This
clone contains the 5UTR, coding sequence and part of the
3UTR (not including the cytoplasmic polyadenylation ele-
ment). Id4 was cloned from Xenopus EST#3399628 using a
SalI–NotI digest and inserted into cs107. For in situ hybridiza-
tion, all clones were linearized with HindIII and transcribed
with T7 using a digoxigenin-labeled UTP.
Synthesis and injection of synthetic mRNA
Synthetic capped mRNA was linearized and generated
by using the mMessage mMachine Kit (Ambion) as listed.
Id2 (cs107-Id2), AscI, SP6; Id3(cs107-Id3), AscI, SP6; Id4
(cs107-Id4), AscI, SP6; Delta-1 (Cs2-x-Delta-1) (Deblandre
et al., 1999), NotI, SP6; NotchICD(CS2-NLS-MT-ICD)
(Deblandre et al., 1999), NotI, SP6; Delta-1stu (Deblandre et
al., 1999), NotI, SP6; mFGF8 (cs107-FGF8) (Julie Baker,
Harland lab), AscI, SP6; N17Ras (N17ras/64T) (Whitman
and Melton, 1992) EcoRI, SP6; Noggin (cs2xnoggin)
(Mariani and Harland, 1998), AscI, SP6; BMP4 (AB4) (gift
of P. Wilson and A. Hemmati-Brivanlou) (Eimon and Har-
land, 1999)], EcoRI, SP6; cat (Baker et al., 1999), AscI,
SP6. RNA was injected into one cell at the two-cell stage
and aged to the indicated stage. All RNAs were injected in
volumes of 5 nl.
Whole mount RNA in situ hybridization
The vitelline membrane was removed at the appropriate
stage and embryos were fixed for 1 h in MEMFA, dehy-
drated in methanol, and stored at 20°C until further pro-
cessing.
RNA in situ hybridization was performed by using a
multibasket technique previously described (Sive et al.,
2000) with the following modifications. All in situs were
developed with 0.45 l NBT (stock 75 mg/ml in 70% DMF)
and 3.5 l BCIP (stock 50 mg/ml in 100% DMF) per ml of
AP buffer and postfixed in Bouin’s Fix. Embryos were
rinsed in buffered 70% EtOH and subsequently bleached in
0.5  SSC, 5% formamide, 1% H2O2.
Ectodermal animal cap explants and RT-PCR
Animal caps (400 m) were cut from stage 9 embryos
which had been injected with synthetic mRNA at the one-
cell stage. Explants and untreated stage control embryos
were cultured in 75% NAM until stage 20–21 and harvested
for RT-PCR. RNA was extracted and RT-PCR performed as
described in (Wilson and Melton, 1994). All PCRs were
performed at 25 cycles, except EF1 and MA at 21 cycles
and Sox3 at 23 cycles. The following RT-PCR primer pairs
were used. EF1: U: CAGATTGGTGCTGGATATGC, D:
ACT GCCTTGATGACTCCTAG, 268 nt; MA: U: GCT-
GACAGAATGCAGAAG, D: TTGCTTGGAGGAGT-
GTGT, 226 nt; EpiK: U: CACCAGAACACAGAGTAC, D:
CAACCTTCCCATCAACCA, 216 nt; NCAM: U: CA-
CAGTTCCACCAAATGC, D: GGAATCAAGCGGTA-
CAGA, 343 nt; Id2: U: AAACCTTGAAACCTTC-
CCATCC, D: GAAATAGCACCATCTCTGCCACTG, 137
nt; Id3: U: TTGGCAACACAAGGGGACAC, D: TGG
AAATCGGGAGGGTTTACTC, 105 nt; Id4: U: ATGGAA-
GAAGAGGAGACCCTGTG, D: TTGCTTGTTCACCAC-
TAAGGCAG, 255 nt; Sox3: U: AACCCTATGATGAC-
CTCTGCCC, D: TTTGAAGTGAAGGGTCGCTGGC, 256
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nt; SybII: U: ATTTGTCTGTGCGCAGGT, D: TTTAAGC-
CACTCCCTGCT, 307 nt; tub: U: CTTCCGTGGAA-
GAATGTC, D1: GAGCCTTTGTCATCAAGC, 399 nt; and
Esr1: U: GCTGTTCAGTTCCTGTGCTATTACC, D: TTT-
GTTGGTGTTGCTTGCCAG, 159 nt.
Results
Sequence
Xenopus Id4 is a 2593-nt cDNA which contains an open
reading frame of 405 nt. The open reading frame encodes a
putative 135-amino-acid protein. This protein has a pre-
dicted molecular weight of 14.7 kDa. The apparent molec-
ular weight of the protein when translated using rabbit
reticulocyte lysates is about 17 kDa (data not shown). Xe-
nopus Id4 is 60% identical to mouse, human, and chick ID
proteins with an additional 5–6% similarity. Both Xenopus
and chick Id4 lack a polyalanine region which is present in
mouse and human Id4 (see Fig. 1).
Expression
Id genes at gastrulation
We first examined Id2, Id3, and Id4 expression by RT-
PCR. Consistent with previous reports (Wilson and Mohun,
1995), Id3 mRNA becomes abundant in the embryo at the
blastula stages, while Id2 mRNA is detectable during gas-
trula stages. In comparison, RT-PCR showed that Id4 was
expressed during early neurula stages (data not shown).
Whole-mount in situ hybridization also showed distinct
temporal and spatial expression patterns for the three genes.
Of the three genes analyzed, only Id3 showed widespread
expression throughout the ectoderm at the gastrula stages
(Fig. 2D), particularly in the anterior part of the embryo.
This expression became more localized by the early neurula
stages (Fig. 2E).
Id genes in the nervous system
During development of the neural plate, Id4 expression
begins to be visible at stage 13 in the region destined to
become the future cement gland (Fig. 3A, C, E, and G,
yellow arrowheads). By stage 17, Id4 mRNA appears bilat-
erally in the neural plate, in the Rohon–Beard neurons (Fig.
3D, F, and H, black arrowheads). Id4 expression appears
first in the eyes (Fig. 3E, G, and H, blue arrowheads) and the
trigeminal ganglia (Fig. 3E, G, H, and K, red arrows), and
then in the olfactory placode (Fig. 3G, black arrows).
In contrast, Id3 is expressed throughout the ectoderm
shortly after gastrulation (Fig. 2D). By midneurula stages
(14–15), expression is strong in the anterior neural plate
including the cement gland, extending posteriorly to a
heavy stripe corresponding to the hindbrain region (Fig.
3E). There is weaker expression at the edges of the posterior
neural plate. At the end of neurulation, the eye anlagen are
clearly stained. Staining in the anterior neural plate has
decreased but is still prominent in the neural domains pos-
terior to and including the mesencephelon. Id3 expression is
also present in the otic placode (data not shown).
Id2 expression can be seen in the neural plate in faint
medial bilateral lines from stages 13 to 15 (Fig. 2A, midline
marked with asterisk). By stage 20, these stripes are unde-
tectable. At stage 20, expression also appears in the mid–
hindbrain boundary (Fig. 2B).
Id genes in the myotome
Id4 expression in the myotome does not appear until
tadpole stages (Fig. 3M). Id3 is expressed in the most dorsal
and ventral portions of the myotome (Fig. 4H), which derive
from more lateral aspects of the initial somite. Id2 is ex-
pressed in both the dorsal and ventral portions of the myo-
tome, in a region corresponding to the nuclei of the muscle
cells (Fig. 4D). Id4 is expressed weakly in a similar pattern
to Id2 (Fig. 4L).
There is also a dramatic difference in expression of the
three Id genes analyzed during migration of the hypaxial
muscles. While Id2 is expressed in many of the ventrally
migrating muscle cells (Fig. 4A, red arrows), Id3 is only
apparent in the leading edge of the migrating muscle (Fig.
4E, red arrows). Id4 is not present in the hypaxial muscle
but is expressed in some of the ventrally migrating mela-
nophores (Fig. 4I, red arrows).
Id genes in the kidney
Id2 is expressed early in the pronephric anlage in a
pattern similar to but later than lim-1 expression (Taira et
al., 1994). During neurulation, Id2 is expressed in the lateral
plate mesoderm in a region more confined than lim-1 (Fig.
2A, red arrowheads), and by late neurula stages, the anterior
domain of expression has expanded ventrally to circum-
scribe the embryo (data not shown). The ventral region of
Id2 expression is anterior to the region of lim1 expression
(data not shown). By the mid-20s, Id2 expression has coa-
lesced into a domain in the intermediate mesoderm similar
to both pax-8 and lim-1 (data not shown).
Id4 is not found in the kidney of the neurulating embryo.
It begins to be expressed very weakly in the kidney by stage
25 (Fig. 3I, red arrowhead), and this expression becomes
stronger during the tailbud stages. Id4 continues to be ex-
pressed in both the tubules (Fig. 3M, red arrowhead) and the
duct (Fig. 3M, red arrow) similar to pax-2. Id3 is not
expressed in the kidney at all during the stages examined. In
contrast, Id2 is expressed robustly in the pronephric tubules
and weakly in the pronephric duct by the swimming tadpole
stages (Fig. 2C, red arrowhead, and Fig. 4A) similar to
pax-8. Id proteins have been shown to disrupt pax interac-
tions with target DNAs (Roberts et al., 2001), and this
coexpression may reflect a role for Id proteins during kidney
development.
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Id genes in other organs
Xenopus Id4 is expressed in a number of tissues, includ-
ing the liver primordium, and continues to be expressed
throughout the development of the embryonic liver (Fig. 3I
and M, letter L). Both Id2 and Id3 are expressed in the heart
and anterior blood islets (Fig. 2C and F).
Id genes in the tail fin
Both Id2 and Id3 are expressed in punctate cells in the fin
mesenchyme, which may be migrating neural crest cells.
Id2, however, is expressed weakly, while Id3 is expressed
strongly (Fig. 4D and H) at the border between the inner fin
and the outer fin and in discrete cells in the outer fin similar
to the expression patterns of BMP4 and Serrate-1 (Beck and
Slack, 1998). Id4 is not expressed in the fin mesenchyme.
Differential regulation of Id genes by bone morphogenetic
proteins (BMPs)
It has been suggested that Id genes may be direct targets
of bone morphogenetic proteins (BMPs), which are known
to play several different roles in neural development. Since
Id genes are expressed in the embryo during neurulation, we
wanted to know whether this early expression was in re-
sponse to an activation or repression of BMP signaling
during ectodermal development. Ectopic expression of
BMP mRNA in the Xenopus ectoderm provides a useful
tool to assess graded responses to BMP signaling. It is
known that high levels of ectopic TGF-/BMP signaling in
the ectoderm will induce ectopic bottle cells, easily visible
as a dark invagination (Fig. 5C and E, closed red arrow-
heads). We injected BMP4 mRNA into the animal pole of
the embryo at the one- or two-cell stage and aged these
embryos to midneurula stages. We then performed in situ
hybridization for Id2, Id3, and Id4 mRNA and looked for
ectopic expression of these Id genes. In embryos, the ec-
topic Id4 RNA is present at a distance from the cells re-
ceiving the highest amount of injected BMP mRNA (Fig.
5E, open red arrowheads). Id3 is expressed throughout the
region surrounding the ectopic bottle cells but also stops
abruptly, creating a sharp border (Fig. 5C, open red arrow-
head). We saw no ectopic expression of Id2 in these em-
bryos.
Because there are many different interactions in the
whole embryo, we also analyzed the expression of Id2, Id3,
and Id4 in ectodermal “animal cap” explants. This allowed
us to consider the expression of Id genes in an isolated
tissue type, without the complications of signaling within
the whole embryo. In contrast to the whole embryo, over-
expression of BMPs in ectodermal explants did not induce
expression of Id2, Id3, or Id4. We also blocked BMP sig-
naling in the explants by overexpressing the BMP antago-
nist noggin. Noggin expression in this tissue blocked ex-
pression of Id2 and Id4 but did not inhibit Id3 (Fig. 5A). Id3
mRNA expression appeared consistent throughout all these
manipulations. Increasing the BMP levels did not increase
the levels of Id2, Id3, or Id4, in contrast to the graded
response of epidermal keratin expression. Taken together,
these data suggest that Id3 and Id4 expression can be in-
duced by intermediate levels of BMP activity in the whole
embryo, but increasing levels of BMPs will not increase the
amounts of Id RNAs in the ectoderm.
Id2, Id3, and Id4 expression in ectodermal explants are
unaffected by Ras signaling
Ras signaling is required for the proper anterior–poste-
rior patterning of the neural plate. Because recent studies
have shown that transcription of Id3 can be activated in a
Ras-dependent fashion and because Id genes are present in
discrete domains in the neurectoderm, we wanted to see
whether FGF or Ras signaling would affect the expression
of all three Id genes. Again, we used the ectodermal explant
assay to assess the responses to ectopic signal activation.
Activation of FGF signaling by overexpression of FGF8 has
no effect on the expression of Id2, Id3, and Id4 (data not
shown). Blockade of the Ras pathway using N17Ras (a
dominant-negative Ras) also has no effect on expression of
the Id genes (data not shown). Overexpression of FGF or
Fig. 4. mRNA expression of X. laevis Id2 (A–D), Id3 (E–H), and Id4 (I–L).
Yellow lines mark plane of section. (A, E, I) Both Id2 and Id3 are
expressed in the nasal pit (blue arrowhead) and in the otic vesicle (left of
asterisk). Migrating cells (small red arrowheads) mark ventrally migrating
muscle cells in (A) (Id2), the leading edge of migrating muscle cells in (E)
(Id3), and migrating melanophores in (I) (Id4). (D, H, L) Id2 is expressed
in both the dorsal and ventral portions of the myotome, in a region
corresponding to the nuclei of the muscle cells (D–M). Id3 is expressed in
the most dorsal and ventral portions of the myotome (H–M). Id4 is
expressed weakly in a similar pattern to Id2. Both Id2 and Id3 are ex-
pressed in punctate cells in the fin mesenchyme. Id4 is not expressed in the
fin mesenchyme. (The chordoneural hinge is marked with a red arrowhead,
the inner fin with an open yellow arrowhead and the outer fin with a closed
yellow arrowhead.) Id4 is also expressed in the lateral line (io: infraorbital,
a: aortic) marked in (I).
344 K.J. Liu, R.M. Harland / Developmental Biology 264 (2003) 339–351
N17Ras in the whole embryo dramatically perturbs meso-
dermal development, which in turn disrupts ectodermal pat-
terning. Because of this, we were unable to evaluate the
response of Id genes to FGF activation in the ectodermal
tissues.
Id2, Id3, and Id4 are differentially regulated by Notch
signaling
The third pathway that we have considered is the Notch
pathway. The Xenopus Id3 promoter contains two consen-
sus sequences for Suppressor of Hairless [Su(H)], a tran-
scription factor in the Notch signaling pathway (Reynaud-
Deonauth et al., 2002). Extramacrochaetae, the Drosophila
homologue of Id, has also been shown to interact genetically
with members of the Notch pathway (Baonza et al., 2000;
Baonza and Freeman, 2001). Furthermore, several of the Id
family members are in the Delta-Notch synexpression group
(Gawantka et al., 1998). Thus, we investigated the possibil-
ity that expression of these three Id genes in the embryo
might be regulated by Notch signaling.
We found that the expression domain of Id3 appeared to
be expanded by injection of mRNA encoding the Notch
intracellular domain (NICD) (Fig. 6B) and blocked by in-
jection of Deltastu, a dominant inhibitory mutation of Delta.
We found the converse effect on Id4. Injection of NICD
resulted in loss of Id4 expression (Fig. 6E) on the injected
side, while Deltastu-treated embryos showed larger, more
prominent domains of Id4 (Fig. 6D and F). The effect on Id2
was inconclusive, although this is likely to be due to a
limitation in the sensitivity of our in situ assay.
Differential activities of ID proteins
Finally, we wanted to investigate whether the Id proteins
had different activities in vivo. We injected increasing doses
of Id2, Id3, and Id4 mRNA (from 100 pg to 1 ng) into one
cell of the two-cell-stage embryo. In each case, injections
were targeted to the presumptive ectoderm or mesoderm.
The embryos were aged to neurula and tailbud stages and
analyzed for perturbation of neural or muscle development.
To our surprise, we saw no disruption in the expression of
the neural-specific markers, nrp-1, Sox-3, neural -tubulin,
or synaptobrevin II (data not shown) or in the segmented
myotome markers muscle actin (Fig. 7) or MyoD (data not
shown). The injected embryos were morphologically indis-
tinguishable from unmanipulated embryos. We then exam-
ined relative levels of transcription and translation of our Id
constructs using in vitro translation (Promega TnT). The
constructs we used produced equivalent amounts of protein
in vitro (data not shown), suggesting that the results we saw
were not due to a lack of translation of our injected mRNAs.
The inability of the Id mRNAs to affect normal devel-
opment may be due to the robustness of normal develop-
mental pathways, so we tested the possibility that the Id
proteins might affect the function of basic HLH proteins in
Fig. 5. The effect of BMP signaling on Id gene expression. (A) RT-PCR analysis on stage 20 ectodermal explants. E, whole embryo control; RT, minus
reverse transcriptase control; C, uninjected explant; Noggin doses: 37.5 pg, 25 pg, 12.5 pg; BMP4 doses: 125 pg, 250 pg, 374 pg. Injection of Noggin mRNA
blocks expression of Id2 and Id4. Sox 3 expression is induced, indicating the presence of neural tissue, while epidermal keratin (EpiK) is also lost. BMP-4
injection does not increase the amount of Id2, Id3, or Id4 RNA in explants. (B–D) Lateral views of stage 15 embryos, anterior to left. (B, C) In situ hybrization
for Id3. (D, E) In situ hybrization for Id4. (B) and (D) are uninjected controls. Overexpression of BMP-4 in the lateral ectoderm induces ectopic bottle cells
(red arrowheads) which appears at the source of ectopic BMP (lineage tracing data not shown). (D) Ectopic Id4 RNA is present at a border of cells expressing
BMP (open red arrowhead), rather than in the cells with the highest amount of injected BMP mRNA. (E) Id3 is expressed throughout the region surrounding
the ectopic bottle cells but also stops abruptly, creating a sharp border.
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a sensitized assay. We examined embryos and explants
injected with 1 ng of Id2, Id3, or Id4 in combination with
minimal doses of three tissue-specific bHLH molecules:
neurogenin, neuroD, or MyoD. MyoD induces muscle-spe-
cific genes transiently in explants, and in ectopic patches in
whole embryos. Both these effects were blocked by Id2 and
Id4 (Fig. 7J). Neurogenin and neuroD both induce neuron-
specific markers -tubulin and sybII in explants and whole
embryos. We found that all three Id proteins could inhibit
expression of neuroD induced in explants, while only Id4
blocked neurogenin activity (Fig. 7K).
Id proteins are reported to be fairly short-lived within the
cell, with a half-life of 20–60 min. In fibroblasts, degrada-
tion of Id protein has been shown to be mediated by a
ubiquitin proteasome. Id4, however, is reported to be less
sensitive to inhibitors of the proteasome, suggesting that
degradation of Id4 may be mediated by a different mecha-
nism (Bounpheng et al., 1999). Id mRNAs are also known
to be posttranscriptionally regulated. Id3 has been shown to
contain a cytoplasmic polyadenylation (CPE) sequence in
the 3 untranslated region (UTR) of the mRNA, and this
sequence is negatively regulated in cis by adjacent se-
quences in the 3 UTR (Afouda et al., 1999). The Id3
construct we used does not contain this CPE and should be
translated efficiently in vivo. All three constructs used pro-
duced equivalent quantities of protein when translated in
vitro (data not shown). However, it is still possible that
posttranscriptional regulation of the Id genes account for the
differences in activity between Id2, Id3, and Id4 in our
assays.
Discussion
We describe here the identification and analysis of a new
Xenopus Id gene, which shows most similarity to chick Id4.
During embryonic development, Xenopus Id4 is expressed
in a number of neural tissues, including Rohon–Beard neu-
rons, olfactory placode, eye primordia, and the trigeminal
ganglia. It is also expressed in other organs, such as the
pronephros and liver primordium. As embryogenesis
progresses, it is expressed in the migrating melanocytes and
lateral line structures. We compare the expression of Id4
mRNA with that of Id2 and Id3 and find that the Id genes
are expressed in complementary patterns during neurogen-
esis, myogenesis, kidney development, in the tailbud, and in
the migrating neural crest.
We examine the regulation of Id gene expression during
Xenopus neural development. We show that the three genes
are regulated distinctly in response to three candidate sig-
naling pathways, BMP, FGF/ras, and Notch. Id3 and Id4 are
induced by intermediate doses of BMP signaling, while Id2
and Id4 are lost in response to BMP antagonism. FGF/ras
does not affect Id gene expression. Id3 expression is ex-
panded in response to Notch activation, while Id4 is en-
hanced in response to expression of a dominant inhibitory
Delta.
Finally, to compare the activities of Id2, Id3, and Id4, we
use animal cap explants and in vivo overexpression to show
that Id proteins can differentially inhibit the activities of
neurogenin and neuroD, both neurogenic bHLH molecules,
and MyoD, a myogenic bHLH protein. Id4 is able to inhibit
the activity of all these bHLH molecules; Id2 inhibits MyoD
and neuroD, while Id3 blocks only neuroD activity in our
assays.
Sequence of the Id4 gene
Human and mouse Id4 contain a polyalanine stretch
adjacent to the helix–loop–helix motif. It is intriguing that
neither Xenopus nor chick Id4 contain this motif. Polyala-
nines have been shown to be repressive domains in tran-
scription. Using studies on the glucocorticoid receptor, Lanz
et al. (1995) showed that the presence of a polyalanine
repeat made the receptor unable to transactivate, although it
could still bind hormone and target DNA sequences (Lanz
et al., 1995). The lack of this domain in Xenopus Id4 could
reflect a evolutionary change in the repressive capabilities
of this molecule.
Distinct and overlapping expression patterns of the Id
genes
We are interested in neural development and, because Id
genes are expressed in dynamic and complementary pat-
terns in the nervous system in other organisms, we decided
to compare the expression patterns of the three known
Xenopus Id genes. Id genes have been identified in a number
of vertebrates ranging from trout and zebrafish to mice and
humans (Dickmeis et al., 2002; Rescan, 1997). What is
striking is that these genes are often expressed in cells
poised to differentiate, such as the borders of the neural
plate, tips of the myotome, and migrating muscle precur-
sors. The expression of Id genes during neural development
has been best studied in mouse. Jen et al. (1996) found that,
while murine Id1, Id2, and Id3 are expressed in a number of
different tissues during embryogenesis, Id4 is present only
in neuronal tissues and in the stomach epithelium.
We found that, in the Xenopus neural plate, the Id genes
are also expressed in complementary domains. Id3 is the
earliest Id gene expressed in the neural plate and shows the
most widespread expression. Expression starts just after
gastrulation throughout the neurectoderm and becomes
more confined as neurulation progresses. Expression re-
mains strong in the anterior neural plate extending posteri-
orly to a mediolateral stripe in the hindbrain. Expression at
the edges of the posterior neural plate is also evident but
weaker. Id3 is also expressed in the eye and ear anlage. Id2
expression can be seen in the neural plate in faint medial
bilateral lines from stages 13 to 15. By stage 20, these
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stripes are undetectable. At stage 20, expression also ap-
pears in the mid–hindbrain boundary.
In comparison to Id2 and Id3, Id4 expression is confined
to several very discrete regions of the neural plate. Id4
appears in the region destined to become the future cement
gland in the extreme anterior of the embryo and, by stage
17, is bilaterally expressed along the neural plate, in the
Rohon–Beard neurons. Id4 expression also appears in the
eyes, the trigeminal ganglia, and in the olfactory placode.
Rohon–Beard neurons are primary sensory neurons
which disappear during metamorphosis and are functionally
replaced by the dorsal root ganglia. This disappearance has
been shown to be via apoptosis and can be inhibited by the
antiapoptotic protein Bcl-X(L) (Coen et al., 2001). Id pro-
teins have been shown to be able to promote apoptosis, and
Id-mediated apoptosis can be rescued by addition of Bcl-XL
in fibroblasts (Norton and Atherton, 1998). The apoptosis-
inducing ability of Id proteins appears to be independent of
the helix–loop–helix domain. Thus, the expression of Id4 in
the Rohon–Beard neurons may be playing a role in the later
cell death of these cells rather than cell specification.
In other organisms, Id genes have also been shown to be
expressed in the kidney. In vitro data suggest that Id genes
can disrupt the DNA binding abilities of several paired box
transcription factors, such as Pax-2 and Pax-8 (Roberts et
al., 2001), both of which are expressed in overlapping do-
mains with the Id genes in the kidney. In addition, Notch
signaling has been shown to be involved in the patterning of
the kidney (McLaughlin et al., 2000); Id gene transcription
may be a component of this regulation. Expression of Id2 in
the lateral plate mesoderm begins during early neurula
stages; however, this expression circumscribes the embryo
more anteriorly than lim1 (Fig. 2, and data not shown). It is
interesting to note that zebrafish, chick, and mouse Id3 are
expressed in the pronephros but we see no significant stain-
ing of Xenopus Id3 there, in contrast to dynamic expression
of both Id2 and Id4 in the pronephros.
Regulation by different signaling pathways
In this study, we have considered the possibility that Id
genes in the neural plate may be regulated by several can-
didate pathways: FGF/Ras signaling, bone morphogenetic
proteins (BMPs), and the Notch pathway. We wanted to see
if the three Id genes analyzed would respond differently to
these signaling pathways and whether these activities cor-
related with the observed spatiotemporal expression pat-
terns.
Noggin and bone morphogenetic protein signaling
Using in vitro systems, it has been shown that BMPs can
upregulate the transcription of Id1, Id2, and Id3 (Hollnagel
et al., 1999), and this interaction is thought to be direct
(Korchynskyi and ten Dijke, 2002; Lopez-Rovira et al.,
2002; Yanagisawa et al., 2001). In vivo, there has been a
strong correlation between regions of high BMP transcripts
with regions of Id1 and Id3 gene expression (Hollnagel et
al., 1999; Rice et al., 2000). Thus, we expected BMPs to
upregulate Xenopus Id2 and Id3 in the embryo as well and
were curious to see whether Id4 could be regulated simi-
larly. Second, we wanted to know if BMP signaling is
required for expression of the Id genes in ectodermal tissues
in vivo.
We found that ectopic expression of both Id3 and Id4 can
be induced in the whole embryo. However, this expression
occurred in a very distinct pattern surrounding the site of
injection, easily identifiable by the darkly pigmented bottle
cells (Kurth and Hausen, 2000) which form in regions of
high BMP signaling. The expression surrounded the site of
injection and stopped in a sharp border, suggesting that both
Id3 and Id4 expression were induced by a specific range of
BMP concentrations. We did not observe a similar effect on
Id2 but attribute this to the limits of our in situ hybridization
technique. Both the in situ data and the RT-PCR analysis of
ectodermal explants support the idea that BMPs activate Id
genes in a switchlike mechanism, rather than eliciting a
graded response. All three Id transcripts analyzed were
present in untreated ectodermal explants and in BMP-in-
jected explants. In these explants, we never saw an increase
in expression when doses of BMP4 were increased, despite
a clear increase in the amounts of epidermal keratin (EpiK).
Conversely, decreasing BMP signaling by ectopic expres-
sion of noggin mRNA blocked expression of Id2 and Id4 in
these tissues. Id3 was not affected by noggin injection; this
may reflect the early expression of Id3 throughout the neural
ectoderm and suggests that another signal is sufficient for
the transcriptional regulation of Id3 in the naive ectoderm.
This response of the Id genes to BMP expression may also
correlate with expression at the border of the neural plate.
By overexpressing BMP4 in the ventral ectoderm, we may
be inducing an ectopic boundary of high-BMP versus low or
no BMP-expressing ectodermal tissues, as occurs at the
neurectoderm boundary. This juxtaposition need not occur
in naive ectoderm and therefore may account for the lack of
Id3 and Id4 upregulation in the animal cap assay.
Fibroblast growth factors and Ras signaling
FGFs are secreted signaling molecules which act through
a Ras pathway. A recent study has shown that transcription
of Id3 can be activated in a Ras-dependent fashion (Bain et
al., 2001). Using explant analyses, we examined the possi-
bility that FGF signaling could regulate the expression of
Id2, Id3, and Id4. We found no change in the expression of
the Id genes when the FGF pathway was activated by
ectopic FGF8 mRNA or blocked using a dominant-negative
Ras. Thus, Ras signaling in animal caps is dispensible,
although evidence from other systems shows that Ras sig-
naling can play a role in Id gene regulation. Of course, it is
still possible that a Ras-independent FGF signal plays a role
in Id gene expression.
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Notch signaling
A third signaling pathway which has been implicated in
the regulation of Id genes is the Notch signaling pathway.
Activation of Notch signaling has been shown to prevent
myogenesis and neurogenesis (reviewed in Davis and
Turner, 2001), presumably by activation of the hairy/En-
hancer of split related genes and subsequent competition
with tissue-specific bHLH molecules, such as Myf5 and the
achaete-scute complex. Depending on the context, Baonza
and colleagues have also demonstrated strong positive and
negative genetic interactions between Notch and the Dro-
sophila Id homologue extramacrochaetae (emc) (Baonza
and Garcia-Bellido, 1999). In Xenopus, Notch has been
shown to be able to activate Id3 via upstream Su(H) binding
sites (Reynaud-Deonauth et al., 2002). During neurogen-
esis, expression of Id3 is reminiscent of genes in the Notch
synexpression group; in contrast, Id2 and Id4 are not ex-
pressed in this pattern. Later, however, Id2 and Id4 are
expressed in the Xenopus kidney, where Notch is known to
play a role in the patterning of the pronephros (McLaughlin
et al., 2000). Hence, we decided to analyze the Notch
responsiveness of Id4 as well.
Surprisingly, we found that Id4 expression in the neural
plate was inhibited by injection of NotchICD and enhanced
by injection of a dominant negative Delta construct,
Deltastu. However, this expansion of Id4 expression did not
occur in ectopic domains, as with BMP overexpression.
First, the effect of Deltastu is likely to be localized to areas
where Notch is normally active (e.g., the neural plate).
Second, this increase may be due to an expansion of the
tissues rather than an activation of Id4 transcription directly.
Cornell and Eisen (2000) have shown that zebrafish em-
bryos homozygous for a point mutation (loss-of-function
mutation) in deltaA, or with reduced Notch/Delta signaling,
have increased Rohon–Beard neurons at the expense of
neural crest (Cornell and Eisen, 2002). Coffman et al.
(1993) also reported an expansion of neural tissues at the
expense of neural crest when overexpressing an extracellu-
lar deletion of Xotch (XotchE) in Xenopus embryos (Coff-
man et al., 1993). This is consistent with our ectodermal
explant data, in which NotchICD and Deltastu had no effect
on Id4 expression when analyzed by RT-PCR (data not
shown), suggesting that the effects seen are indirect and
require inductive interactions not present in the animal cap.
It is probable that coordinate activation of several differ-
ent pathways, such as BMP, Notch, and FGFs, are required
for proper regulation of Id genes during development. Fur-
ther studies, particularly careful analysis of promoter re-
gions, will be needed to fully understand the regulation of Id
genes in vivo.
Distinct activities of the Id proteins
Finally, we were interested in the activity of Xenopus
Id4. The binding capabilities of the Id proteins with E
proteins and tissue-specific bHLHs have been well studied.
Id1, Id2, and Id3 proteins tested bound with high affinity to
the E proteins. Id1 and Id2 interacted strongly with the
myogenic regulatory factors (MRFs) MyoD and Myf-5 but
weakly with myogenin and MRF4/Myf-6. Id3 interacted
weakly with all four MRFs tested. None of the Id proteins
interacted with the hematopoietic factors tested (Langlands
et al., 1997). Little is known about binding of Id proteins to
neurogenic bHLH factors. To complicate matters, Id pro-
teins have been shown to interact with non-bHLH factors,
such as the retinoblastoma gene (RB), ETS domain tran-
scription factors, and some paired domain homeobox (pax)
factors (Lasorella et al., 2000; Roberts et al., 2001; Yates et
al., 1999).
Id genes are expressed in diverse and overlapping tis-
sues, suggesting that different family members may differ
primarily in their regulation and subsequent localization.
Mouse Id1, Id2, and Id3 are expressed in diverse tissues,
such as neural crest, myotome, melanocytes, and kidney.
However, when Id1, Id2, or Id3 is mutated in mice, the
effects are surprisingly subtle. Mutant animals survive em-
bryogenesis. Mice lacking Id2 do not have lymph nodes or
Peyer’s patches and have a decreased number of natural
killer cells (Yokota et al., 2001). Compound mutants in Id2
and Id3 exhibit hematopoietic defects, while compound
mutants in Id1 and Id3 die during embryogenesis and show
premature neurogenesis and withdrawal from the cell cycle
(Lyden et al., 1999). A mouse mutant is not yet available for
Id4, but recent studies suggest that Id4 may be involved in
adipogenesis and oligodendrocyte differentiation (men-
tioned in Yokota et al., 2001).
Fig. 6. Id genes are differentially regulated by Notch signaling. (A–B) Id3
is induced in embryos injected with 500 pg of NotchICD (NICD). (C–F)
ld4 expression is perturbed in embryos injected with NICD and enhanced
in embryos injected with 1 ng of Deltastu, a truncated Delta which blocks
Notch signaling. All views are dorsal with anterior to the left, except (F),
which is a lateral view. mRNAs were injected in one cell at the two-cell
stage. Injected side is marked with yellow arrowhead.
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Fig. 7. Distinct activities of ld proteins. (A–H) Lateral views of stage 28 tadpoles, anterior to left. Embryos have been stained for expression of cardiac actin,
which is expressed in the heart and somites. (A–D) Injection of 1 ng each of Id2, Id3, and Id4 has no effect on the expression of cardiac actin, suggesting
that the mRNAs used in our study are unable to disrupt endogenous myogenic bHLH complexes. (E) Injection of 500 pg of MyoD induces ectopic expression
of cardiac actin. (F, H, J, lanes 8 and 10) Id2 and Id4 can block the activities of ectopic MyoD, while Id3 does not do so (G and J, lane 9). Ectopic cardiac
actin is marked with red arrowheads. (J) RT-PCR analysis of ectodermal explants injected with Id mRNAs with and without MyoD. mRNA doses are as
above. (K) Id4 blocks expression of neural -tubulin induced by neurogenin (lanes 7–10) and neuroD (lanes 11–14). Neurogenin and neuroD (100 pg each)
were injected. Then 1 ng of each Id gene was injected. E, whole embryo control; RT, no reverse transcriptase control; C, uninjected ectoderm control.
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Using in vivo misexpression of Id2 in the chick ecto-
derm, Martinsen and colleagues showed that Id2 can con-
vert these cells from an ectodermal fate to a neural crest
fate. Id2 overexpression also resulted in overgrowth of the
neural tube and premature neurogenesis, suggesting that Id2
may play a role in temporal and spatial control of cell fate
choices in the neurectoderm (Martinsen and Bronner-
Fraser, 1998). We hoped that similar overexpression of the
three Id proteins in Xenopus would lead us to their endog-
enous roles in neural differentiation. We expected to find
that either the Id proteins are functionally similar, resulting
in similar overexpression phenotypes, or that Id functions
are not interchangeable, resulting in phenotypes specific to
individual Id proteins.
Our studies find that the three different Xenopus Id pro-
teins have differing activities in a sensitized assay. First, we
were astonished to discover that overexpression of the the Id
proteins in vivo had no effect on the overall morphology of
the Xenopus tadpole. We analyzed these tadpoles by in situ
hybridization for a range of neural and mesodermal mark-
ers. None of the markers examined were perturbed. One
possibility for this lack of effect was that the injected Id
mRNAs were not being translated. At least in vitro, the Id
mRNAs are translated in equivalent amounts. In addition,
we did see an effect in the whole embryo (in competition
with MyoD, neurogenin, and neuroD), suggesting that the
mRNAs are in fact translated and result in active proteins. A
second possibility is that ectopic Id mRNAs might be trans-
lated and processed as homodimers (Liu et al., 2000) and
thus unable to perturb endogenous HLH complexes. Our
data also suggest that ectopic Id mRNAs are unable to
participate in the endogenous functions of other potential
partners, such as pax or ets transcription factors.
Previous analyses by Wilson and Mohun have shown
that Xenopus Id3 can prevent the formation of several myo-
genic complexes in vitro and in vivo. However, in their
experiments, they analyzed the ability of Id3 to block as-
sembly of ectopic MyoD/E12 complexes (Wilson and Mo-
hun, 1995). In our experiments, we injected synthetic
mRNA for the three Id genes in combination with several
neurogenic bHLHs or MyoD. We found that Id4 was capa-
ble of blocking all three bHLH molecules tested, Id2
blocked neuroD and MyoD but not neurogenin, and Id3
only blocked the effect of neuroD. We analyzed the re-
sponse of tissue-specific bHLH target genes in vivo, using
whole embryo in situ hybridization and by RT-PCR on
ectodermal explants.
We report the identification of Xenopus Id4 and compare
the expression and activity of Id4 to Id2 and Id3. We find that,
despite their sequence similarities, the three known Xenopus Id
genes are expressed in a nonoverlapping fashion, respond dif-
ferently to several candidate signaling pathways, and have
different biological activities. The differences between the Id
proteins may reflect a partitioning of the dominant inhibitory
activities of an ancestral emc-like gene into different functional
classes during evolution. Similar to Id genes in other organ-
isms, Id4 shows a higher similarity in expression and function
to Id2, while Id3 seems to fall into a separate group. These data
suggest that differences in their partnering capabilities, cell
context, and regulation may dictate their differing biological
activities. In the future, identification of an Id1 homolog and
loss-of-function analyses in Xenopus may further elucidate the
functions of these proteins.
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